SPATIAL characteristics of the electrocardiogram have been increasingly emphasized since the advent of vectorcardiography. Progress in this field was hampered originally, however, through introduction of numerous lead systems with discrepancies in lead performance.' Only the more recently developed, corrected orthogonal leads resulted in relatively close agreement among systems, thus enhancing the comparability of results.2 Commonly, spatial electrocardiographic data are displayed in the form of vector loops projected on three mutually perpendicular planes. The oscilloscope beam is interrupted at regular intervals for timing. It was realized soon, however, that part of the time information cannot be recovered from such records. Beginning and end of QRS loops are frequently hidden by superimposed P or T loops. Parts of loops may be perpendicular to a given plane and not be represented at all. Furthermore, time intervals between P, QRS, and T loops cannot be measured. This becomes feasible when loops are recorded on running film. Such a display, however, leads to severe distortions in vector directions.
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A new type of spatial electrocardiographic display on a continuous time basis was developed more recently.3-7 Curves of spatial magnitude and orientation have been recorded on a time basis by means of analog computers. The spatial orientation is usually expressed in terms of azimuth and elevation angles. This type of data display provides complete spatial information without loss of time information.
Records of the spatial velocity of the electrocardiogram have been recorded in a similar fashion.8 More recently such time-based spatial records have also been obtained by means of digital computation .9 In spite of the attractiveness of this new type of spatial data display tlhese recording procedures have not been used widely. Clinical applications have been very limited.10-'2 Since digital computer facilities together with a large electrocardiographic library of normal and abnormal records were available at this laboratory, an attempt to appraise the diagnostic usefulness of spatial data display on a time basis was made in the present study. For evaluation 252 normal and 328 abnormal records were selected. Statistical separation between normal and abnormal findings in the QRS complex was considered an adequate test procedure for this purpose.
Materials and Methods From a library of more than 6,000 orthogonal electrocardiographic records a limited number of normal and abnormal tracings characteristic of various diagnostic electrocardiographic entities were selected for study. The distribution of these samples is shown in table 1. In all normal subjects history and complete physical examination did not reveal any signs or symptoms of past or 14) were recorded simultaneously on magnetic analog tape with FM channels. Subsequently the records were digitized as described previously.'5 A digital computer (IBM 7090) was used for processing and analysis of the data. Details of the computational procedures were reported previously.9' 10 Two different procedures were used for ob-
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A taining curves of spatial magnitude, orientation, and velocity. The first one consisted of a continuous plot of these data on a time scale as described previously by others. [3] [4] [5] [6] [7] [8] It was soon realized, however, that such a display leads to difficulties for statistical correlations ( fig. 1 ). Discrimination between normal and abnormal requires comparison between individual records and normal standards. Initial parts of QRS need to be compared with the initial part of the normal QRS complex. The same holds true for the terminal part of QRS. Owing to the normal variability in QRS duration, such comparisons proved impractical, however. When the beginning of a given QRS complex was lined up in time with the onset of a noirmal standard, representing a mean of the normal control, the ends of these two complexes differed in time in most instances. This difficulty could be partly overcome when both beginning and end of QRS were lined up in time with the normal standard. This procedure leads, however, either to a gap or to an overlap between the initial and terminal QRS portion ( fig. 1 ). In order to overcome this difficulty it was decided to normalize QRS in time. Regardless of its duration, the QRS complex was divided in time in 10 equal parts. Each of the 11 points obtained represents an instantaneous vector. Connecting the points by a line then leads to new curves of spatial magnitude, orien-NORMALIZED TIME Figure 1 On the left, curves of spatial magnitude of two QRS complexes with different durations are shown in real time (0.08 and 0.12 second). Comparison between initial and terminal half of QRS is shown in the middle diagram. Onsets and ends of the complexes are lined up in time for this comparison. This type of representation leads either to a gap or to an overlap between initial and terminal half. On the right, the QRS duration was normalized by dividing the complex in time in 10 equal parts. Corresponding parts of the two complexes are lined up for correlation without distortions due to gaps or overlaps. For further detail, see text.
Circulation, Volume XXIX, January 1964 Scales used for curves of spatial orientation.
tation, or velocity. Time normalization and curve plotting are performed automatically. In a previous study it was found that normalization in time does not decrease the power of diagnostic discrimination. 16 Scales for azimuth and elevation angles are shown in figure 2 .
In order to evaluate configurations of the various curves, mean values for each instantaneous vector were computed. Thus, mean curves could be obtained for each pathologic entity under study. The various ranges had to be computed on the basis of 96 percentile limits.17 This was necessary because most of the findings were not normally distributed. Raniges based on a meani +2 standard deviationis are, therefore, not an optimal representation of data. An estimate of the diagnostic usefulness of the various curves was obtained by determining percentages of cases outside normal ranges for each pathological subgroup.
Results
In figures 3 to 5 mean normal curves of spatial magnitude, velocity, and orientation are shown together with the ranges for normal findings. These normal ranges were based on 96 percentile limits and time-normalization. Points at 9/10 of the QRS duration were omitted because of a wide spread of normal findings at this time. Meaningful comparisons of normal and abnormal findings were, therefore, not possible in this late part of QRS. The extent of the normal ranges based on the 96 percentile distributions are shown in Average QRS curves of spatial magnitude, velocity, and orientation for three types of myocardial infarct. The shaded area indicates the range of normal. Mean curves of the different groups are identified in the right lower corner. These means were computed from the records listed in table 1 . For further detail, see text. The group with myocardial infarcts in figure 3 was divided into three subgroups according to locations of the infarcts (anterior, postero-diaphragmatic, and apical). This classification was based on conventional interpretation of the orthogonal electrocardiogram and vectorcardiogram.
The spatial magnitude curves of all types of infarcts were found lower than that of the normal control group. This was particularly obvious in the middle portion of QRS. Similar findings were obtained for the spatial velocity, which was also decreased mainly in the middle part of QRS.
As expected, anterior and apical infarcts deviated from normal spatial orientation predominantly in azimuth curves, whereas postero-diaphragmatic infarcts were characterized by abnormalities in the head-foot direction depicted in elevation curves.
The curves of spatial magnitude in ventricular hypertrophy deviated from normal in opposite directions ( fig. 4 ). Whereas the mean of the cases with left ventricular hypertrophy exceeded the normal average, the mean of the right ventricular hypertrophy records was found below the normal mean. The spatial velocity of the latter group was also moderately lower than normal. The series with left ventricular hypertrophy was not significantly different from normal.
A deviation from normal in spatial orientation was found for the group with right ventricular hypertrophy in the second half of QRS. It has to be kept in mind, however, that this series consisted almost exclusively of cases with chronic cor pulmonale due to obstructive emphysema. A series with right ventricular hypertrophy cases of an average hospital population might have also shown deviations in anterior direction.
The groups with left and right ventricular conduction defects ( fig. 5 ) both exceeded the normal average in spatial magnitude in the first part of QRS. A marked drop in magnitude was observed for right ventricular conduction defect in the middle portion. As expected, the spatial velocity curves were mainly below the norm. It was interesting to note that the azimuth curves for left ventricular conduction defect and right ventricular conduction defect both deviated from the normal average in the early part of QRS. For right ventricular conduction defect the major deviation was seen in the second half. Elevation curves deviated only slightly in the mid-portion.
From the various curves in figures 3 to 5 it becomes obvious that a good part of the mean curves of pathologic groups does not exceed the limits of normal. Only part of these All eight instantaneous vectors of each tracing were tested against normal ranges. If one or more of these vectors were found outside normal limits, the record was considered abnormal and included in the over-all recognition rate for the given type of tracing. No attempt to separate pathologic ranges was made and the diagnostic recognition rate was limited to discrimination between normal and abnormal. This listing indicates the relative information content of the various tracings. It was highest for the curves of spatial orientation. curves exhibited characteristic configurations that are useful for diagnostic purposes. Evaluations of the contour of curves, however, must necessarily remain descriptive with the wellknown pitfalls of this type of analysis. A more quantitative approach was chosen, therefore, for further evaluation of the data. Percentages of cases exceeding normal limits were determined for each pathologic group. These limits of normal were based on 96 percentile distributions. Percentages of cases exceeding these normal ranges are shown in table 3 . Eight instantaneous vectors of each QRS complex were used for computation of diagnostic recognition rates. If at least one datum point exceeded normal limits, the record was included in this recognition rate.
For the group with myocardial infarcts the curves of spatial orientation led to the highest recognition rates. The spatial magnitude was least informative for this entity.
Both in left ventricular hypertrophy and right ventricular hypertrophy the spatial orientation also contributed most to diagnostic recognition. It could be expected that the left ventricular hypertrophy series exceeded normal magnitude limits in a substantial number of cases (62 per cent). It was very surprising to find an even higher recognition rate for the right ventricular hypertrophy group; 69 per cent of the latter series showed at least one instantaneous vector with a spatial magnitude below normal limits.
Diagnostic recognition rates were generally very high in records with ventricular conduc-tion defects. The spatial orientation was again most informative but the spatial magnitude and velocity data led also to relatively high recognition rates. It must be kept in mind here that the QRS duration was normalized and that the prolongation of this complex was not taken into account.
A further evaluation of the diagnostic usefulness of the data is shown in table 4. The high recognition rates in table 3 make it obvious that most records were overdiagnosed by use of all curves. Table 4 shows, therefore, the number of records that would not have been diagnosed if any one of the curves had been omitted. This would have been the case in 28 tracings (8.5 per cent) without curves of spatial orientation. The curves of spatial magnitude and velocity showed a considerably lower information content. Only four and five cases, respectively, would not have been recognized as abnormal without these curves (1.2 and 1.5 per cent).
Discussion
The introduction of time-based curves of spatial parameters of the electrocardiogram has been a significant step in the development of optimal displays of electrocardiographic data. This development represented a significant improvement over conventional vectorcardiographic loop representations because of the addition of reliable time information to the spatial data contained in vector loops. The search for optimal display methods for spatial electrocardiogram information has be-Circulation, Volume XXIX, January 1964 114 NORMAL AND ABNORMAL QRS COMPLEX come particularly important, since it could be shown that the major part of diagnostic electrocardiogram information is contained in spatial data. '6-18 The question remains, however, whether time-based curves of spatial magnitude, velocity, and orientation represent an optimal method of spatial data representation. There can be no question that this display contains all the spatial data possibly available from the electrocardiogram. At any given point spatial magnitude, orientation, and velocity can be accurately read from the graphs. The question to be answered remains, however, whether this information can be readily extracted from the curves.
A first approach to the evaluation of the described recording procedures consists of analysis of t-heir configuration. The average curves of figures 3 to 5 exhibit the typical deviations from the normal mean. A rather large variability in curve configuration was found, however, for each entity. This variability did not allow a clear and meaningful separation of the groups for diagnostic classification. Evaluation of configurations, furthermore, leads necessarily to descriptive analysis, which will always be subject to subjective judgments. Following the common trend of modern electrocardiography toward quantitative analysis, a different approach appears indicated.
Quantitative analysis is feasible when consecutive data points are compared with normal ranges. As outlined above and illustrated in figure 1, this is not possible without normalization in time. Such a procedure cannot be performed by the analog computers described for obtaining such curves. [3] [4] [5] [6] [7] [8] Although part of the time information is lost through normalization, this procedure was not found to decrease diagnostic discrimination power.'6 For practical use it follows that each of the consecutive data points has to be compared with the normal control. This point-by-point comparison needs to be performed not only with the normal range but also with each other pathologic group in order to arrive at a differential diagnosis.
The use of 96 percentile ranges leads by definition to 4-per cent false positive findings Circulation, Volume XXIX, January 1964 for each datum point. When 8 points of each curve were used, the percentage of false positives increased to 25 per cent in a single curve. With 4 curves used together the false positive rate becomes prohibitive.
The representation of spatial orientation by curves of azimuth and elevation angles is a necessity because spatial direction in a Cartesian coordinate system needs to be defined by two angles. Ranges of spatial orientation are commonly projected on the surface of a globe as shown in figure 6 . Typically such ranges were found to be elliptical. Projections of ranges on azimuth and elevation scales lead to a distortion of the original range, which now becomes a rectangle. Findings in the corners of the rectangle will be included in the range and represent false negative findings. The statistical pitfalls of time-based spatial data display have not been considered in reported clinical applications of this method.'0-'2
Of the various graphic methods for recording and displaying spatial electrocardiogram \ \ s \ + --1 _ _ * _ _ _ i . _ , _ . _ Figure 6 Typical range of normal instantaneous vectors projected on the surface of a globe. Most of these ranges comprising 96 per cent of findings are elliptical in form. The range of normal in terms of azimuth and elevaton angles is indicated by the shaded area. Any unknown abnormal vector falling in the shaded area will be interpreted as normal although its direction deviates from the elliptical normal range. Such vectors represent false negative findings.
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YANO, PIPBERGER by digital computation. Their numerical expression can be used for complex statistical analyses in multidimensional vector space.9' 16 Such computations are strictly numerical and not easily expressed in graphic form. Advantages of visual displays as described in the present report are given up in strictly numerical data-handling procedures. These advantages have to be weighed against the greater efficiency of complex numerical classification methods.
Figure 7
An unknown vector AB is compared with the mean vector of a normal range, AC. The vector difference AB-AC identifies the deviation from the normal mean by one term. Such a vector difference expresses deviations both in spatial magnitude and orientation. In time-based graphic displays, correlations of three curves are necessary to express the same vector difference. Such correlations lead to a substantial number of false positive and negative findings.
data time-based curves of spatial magnitude. orientation, and velocity appear as the most inclusive ones. Their superiority to recordings of scalar leads and vector loops should be obvious because the information of both is contained in one type of data display. Difficulties arise, however, in the process of extracting the information, as explained above. In digital computations it was found that determination of vector differences obviate most of the pitfalls of graphic displays ( fig. 7 ). The vector difference between an individual vector and mean vectors of various diagnostic categories automatically leads to a differential diagnosis based on the magnitude of these vector differences.16 This one term comprises both the information of spatial magnitude and orientation. Since spatial velocity did not contribute more than 1.5 per cent in diagnostic recognition rates, it is questionable whether this type of data display justifies the relatively high cost of analog equipment which is required for its recording. Vector differences are conveniently obtained Summary Curves of spatial magnitude, orientation, and velocity of the QRS complex were obtained by digital computation from 252 normal and 328 abnormal orthogonal electrocardiograms (Frank system ). An attempt was made to evaluate the diagnostic usefulness of this type of spatial data display. Because of interindividual variability in QRS duration it was not possible to compare accurately individual records with normal standards. Normalization in time was, therefore, necessary by dividing each QRS complex in time in 10 equal parts. Mean curves were computed for the normal control group and eight pathologic entities. Although differences in configuration between the variouis groups became evident, a large overlap between the various ranges prevented an efficient classification for diagnostic purposes.
A point-by-point separation between normal ranges and individual curves showed high recognition rates for abnormalities without specific diagnostic classification. The highest information content appeared to be present in curves of spatial orientation.
Since time-normalization and numerical statistical analysis of multiple points are not feasible with presently available analog computers, the question is raised whether digital computation is not more efficient in diagnostic classification of electrocardiograms.
